We scrutinise the widely studied minimal scotogenic model of dark matter and radiative neutrino mass from the requirement of a strong first order electroweak phase transition (EWPT) and observable gravitational waves at future planned space based experiments. The scalar DM scenario is similar to inert scalar doublet extension of standard model where a strong first order EWPT favours the low mass regime of DM, a narrow fine tuned region currently allowed from collider and direct detection bounds. In the fermion DM scenario, we get newer region of parameter space which favours strong first order EWPT as the restriction on mass ordering within inert scalar doublet gets relaxed. While such leptophilic fermion DM remains safe from stringent direct detection bounds, newly allowed low mass regime of charged scalar can leave tantalising signatures at colliders. While we get such new region of parameter space satisfying DM relic, strong first order EWPT with detectable gravitational waves, light neutrino mass and other relevant constraints, we also improve upon previous analysis in similar model by incorporating appropriate resummation effects in effective finite temperature potential.
I. INTRODUCTION
The scotogenic framework, proposed by Ma in 2006 [1] has been one of the most popular extensions of the standard model (SM) which simultaneously account for the origin of light neutrino mass and dark matter (DM). In spite of significant experimental evidences confirming the non-vanishing yet tiny neutrino masses and the presence of a mysterious, non-luminous, non-baryonic form of matter, dubbed as DM [2], its origin remains unaddressed in the SM. While the latest experimental constraints on light neutrino parameters can be obtained from recent global fits [3, 4] , the present DM abundance is quantified in terms of density parameter Ω DM and h = Hubble Parameter (H)/(100 km s −1 Mpc −1 ) as [5] : Ω DM h 2 = 0.120 ± 0.001 at 68% CL. The possibility of scalar DM in this model has been already studied in several works including [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , whereas that of thermal or non-thermal fermion DM has also been studied [21, 22] . The model can also account for the observed baryon asymmetry through successful leptogenesis (for a review of leptogenesis, see [23] ) in variety of different ways [20, 22, [24] [25] [26] [27] [28] .
While the observational evidences suggesting the presence of DM are purely based on its gravitational interactions, most of the particle DM models (including the scotogenic model) adopt a weak portal (but much stronger than gravitational coupling) between DM and the visible matter or the SM particles. If DM is of thermal nature, like in the weakly interacting massive particle (WIMP) paradigm (see [29] for a recent review), then such DM-SM couplings can be as large as the electroweak couplings and hence such DM can leave imprint on direct search experiments. However, none of the direct detection experiments like LUX [30] , PandaX-II [31, 32] and Xenon1T [33, 34] have reported any positive signal yet, giving more and more stringent upper bounds on DM-nucleon interactions.
Although the ongoing direct detection experiments have not exhausted all parameter space yet, specially in the context of the minimal scotogenic model, it is equally important to look for complementary probes. One such indirect possibility is to search for gravitational wave (GW) which has gained lots of attention due to planned near future experiments like LISA and other similar space based interferometer experiments [35] [36] [37] [38] [39] [40] [41] [42] . A possible source of GW signals is a strong first-order phase transition (SFOPT) where, in particular, GW signals are generated by bubble collisions [43] [44] [45] [46] [47] , the sound wave of the plasma [48] [49] [50] [51] and the turbulence of the plasma [52] [53] [54] [55] [56] [57] . While a strong first-order electroweak phase transition (EWPT) is not possible in the SM alone due to high mass of SM like Higgs as confirmed by lattice studies [58, 59] , addition of other scalars like the one in scotogenic model can allow the EWPT to be of first order. Several works have studied such interplay of DM and first order EWPT, specially in the presence of additional scalar doublet DM like we have in the present model [60] [61] [62] [63] [64] [65] [66] . While scalar doublet DM extension of the SM, popularly known as inert doublet model (IDM) allows a large parameter space supporting a SFOPT, most of this parameter space corresponds to sub-dominant DM [63] leaving a narrow window in low mass DM regime where both DM relic and SFOPT criteria can be simultaneously satisfied [61] . On the other hand, this low mass regime is getting increasingly in tension with direct search experiments as well as the collider constraints on invisible decay rate of the SM like Higgs, where the former remains much more stringent. Extending IDM to scotogenic model not only addresses the origin of light neutrino mass but also enlarges the parameter space that can simultaneously satisfy DM relic as well as SFOPT. We discuss the possibilities of both scalar and fermion DM in this model and constrain the parameter space from DM relic, SFOPT as well as light neutrino masses while incorporating relevant experimental and theoretical bounds. We then study the possibility of generating GW from such SFOPT and discuss the possibility of its detection in future experiments. 1 This paper is organised as follows. In section II we discuss the model, particle spectrum and different constraints. In section III we review on the details of SFOPT and generation of GW. In section IV we briefly show how to calculate DM relic following thermal WIMP paradigm and then discuss our results in section V. We finally conclude in section VI.
II. MINIMAL SCOTOGENIC MODEL
The minimal scotogenic model is an extension of the SM by three copies of SM-singlet fermions N i (with i = 1, 2, 3) and one SU (2) L -doublet scalar field S ( called inert scalar doublet ), all being odd under an in-built and unbroken Z 2 symmetry, while the SM fields remain Z 2 -even under the Z 2 -symmetry such that
where H is the SM Higgs doublet and Ψ SM 's stand for the SM fermions. The unbroken Z 2 symmetry not only prevents the inert scalar doublet to acquire any non-zero vacuum expec-1 See e.g. Ref. [67] for the detailed analysis of constraints coming from GW detections. tation value (VEV) but also forbids Yukawa coupling of lepton doublets with Z 2 odd singlet fermions via SM Higgs, keeping neutrinos massless at tree level. The Yukawa interactions of the lepton sector can be written as
The tree level scalar potential of the model, V tree , is given by
Here, indices i and j represent SU (2) isospin. The Z 2 symmetry prevents linear and trilinear terms of the inert doublet with the SM Higgs. The bare mass squared term of the inert scalar doublet is chosen to be positive definite in order to ensure that it does not acquire any 
For S + and S 0 fields, we have following mass terms:
Using S 0 = (H + iA)/ √ 2 we obtain the physical masses as
where m H (m A ) and m ± are the masses of CP-even (odd) component and the charged component of the inert scalar doublet, respectively, and n ± , n H and n A represent degrees of freedom (dof) of each fields. Present masses are obtained by φ = v SM . In this notation, the SM Higgs mass is m 2 h = 2λ SM φ 2 . While neutrinos remain massless at tree level, a non-zero mass can be generated at oneloop level given by [1, 68] 
where M k is the mass eigenvalue of the mass eigenstate N k in the internal line and the indices i, j = 1, 2, 3 run over the three neutrino generations as well as three copies of N i .
It is important to ensure that the choice of Yukawa couplings as well as other parameters involved in light neutrino mass are consistent with the cosmological upper bound on the sum of neutrino masses, i m i ≤ 0.11 eV [5] , as well as the neutrino oscillation data [3, 4] . In order to incorporate these constraints on model parameters, it is often useful to rewrite the neutrino mass formula given in equation (7) in a form resembling the type-I seesaw formula:
where we have introduced the diagonal matrix Λ with elements
and
The light neutrino mass matrix (9) which is complex symmetric, can be diagonalised by the 
2 Usually, the leptonic mixing matrix is given in terms of the charged lepton diagonalising matrix (U l ) and light neutrino diagonalising matrix U ν as U = U † l U ν . In the simple case where the charged lepton mass matrix is diagonal which is true in our model, we can have U l = 1. Therefore we can write U = U ν .
where c ij = cos θ ij , s ij = sin θ ij and δ is the leptonic Dirac CP phase. The diagonal matrix U Maj = diag(1, e iξ 1 , e iξ 2 ) contains the undetermined Majorana CP phases ξ 1 , ξ 2 . The diagonal light neutrino mass matrix is therefore,
Since the inputs from neutrino data are only in terms of the mass squared differences and mixing angles, it would be useful for our purpose to express the Yukawa couplings in terms of light neutrino parameters. This is possible through the Casas-Ibarra (CI) parametrisation [69] extended to radiative seesaw model [70] which allows us to write the Yukawa coupling matrix satisfying the neutrino data as
where R is an arbitrary complex orthogonal matrix satisfying RR T = 1.
A. Constraints on Model Parameters
Precision measurements at LEP experiment forbids additional decay channels of the SM gauge bosons. For example, it strongly constrains the decay channel Z → HA requiring m H + m A > m Z . Additionally, LEP precision data also rule out the region m H < 80 GeV, m A < 100 GeV, m A − m H > 8GeV [71] . We take the lower bound on charged scalar mass m ± > 90 GeV. If m H,A < m h /2, the large hadron collider (LHC) bound on invisible Higgs decay comes into play [72] which can constrain the SM Higgs coupling with H, A namely λ 1 + λ 2 ± 2λ 3 to as small as 10 −4 , which however remains weaker than DM direct detection bounds in this mass regime (see for example, [73] ).
The LHC experiment can also put bounds on the scalar masses in the model, though in a model dependent way. Depending upon the mass spectrum of its components, the heavier ones can decay into the lighter ones and a gauge boson, which finally decays into a pair of leptons or quarks. Therefore, we can have either pure leptonic final states plus missing transverse energy (MET), hadronic final states plus MET or a mixture of both.
The MET corresponds to DM or light neutrinos. In several earlier works [14, 74, 75] , the possibility of opposite sign dileptons plus MET was discussed. In [76] , the possibility of dijet plus MET was investigated with the finding that inert scalar masses up to 400 GeV can be probed at high luminosity LHC. In another work [77] , tri-lepton plus MET final states was also discussed whereas mono-jet signatures have been studied by the authors of [78, 79] . The enhancement in dilepton plus MET signal in the presence of additional vector like singlet charged leptons was also discussed in [80] . Exotic signatures like displaced vertex and disappearing or long-lived charged track for compressed mass spectrum of inert scalars and singlet fermion DM was studied recently by the authors of [81] .
In addition to the collider or direct search constraints, there exists theoretical constraints also. For instance, the scalar potential of the model should be bounded from below in any field direction. This criteria leads to the following co-positivity conditions. [15, [82] [83] [84] :
The last condition comes from unitarity of the S-matrix elements [85, 86] . The coupling constants appeared in above expressions are evaluated at the electroweak scale, v SM . Also, in order to avoid perturbative breakdown, all dimensionless couplings like quartic couplings (λ i ), Yukawa couplings (Y ij ), gauge couplings (g i ) should obey the the perturbativity conditions:
where indices run over appropriate numbers according to the Lagrangian.
III. SFOPT AND PRODUCTION OF GW
The main purpose of this section is to show how to calculate the finite-temperature effective potential and GW signals generated by a first-order phase transition. The crucial difference from the previous analysis done in Ref. [61] is that we here include effects of resummation in order to account for IR divergences in finite-temperature field theory, and explicitly calculate GW signals.
A. Finite-temperature effective potential
In this subsection, we calculate the one-loop effective potential at finite-temperature. A total effective potential can be schematically divided into following form:
where V tree , V CW , V thermal and V ring denote the tree level potential, the one-loop Coleman-Weinberg potential and the thermal effective potential, respectively. The tree level scalar potential is given by Eq.
(3). In finite-temperature field theory, the effective potential, V CW and V thermal , are calculated by using standard background field method [87, 88] . In the following calculations, we take Landau gauge for simplicity. 3
The Coleman-Weinberg potential [91] with DR regularisation is given by
where suffix i represents particle species, and n i , m i (φ) are the degrees of freedom (d.o.f) and field dependent masses of i'th particle. In addition, µ is the renormalisation scale, and Thermal contributions to the effective potential are given by
where n B i and n F i denote the dof of the bosonic and fermionic particles, respectively. In this expressions, J B and J F functions are defined by following functions:
In our analysis, we do not use high-temperature expansions only validated for small x to evaluate J B (x) and J F (x). One should note that a potential barrier arises from J B (x) which triggers a first-order phase transition. Therefore, the strong first-order electroweak phase takes place as we will see Sec. V.
For a calculation of V th , we include a contribution from daisy diagram to improve the perturbative expansion during the phase transition [92] [93] [94] . The daisy improved effective potential can be calculated by inserting thermal masses into the zero-temperature field dependent masses. The author of Ref. [93] proposed the thermal resummation prescription in which the thermal corrected field dependent masses are used for the calculation in V CW and V th (Parwani method). In comparison to this prescription, authors of Ref. [94] proposed alternative prescription for the thermal resummation (Arnold-Espinosa method). They include the effect of daisy diagram only for Matsubara zero-modes inside J B function defined in Eq. (20) . A qualitative difference between two prescriptions is discussed in Ref. [95] . For simplicity, we here use former (Parwani method) prescription in order to implement daisy resummation in the public code CosmoTransitions [96] .
The thermal mass for the inert scalar doublet, Π S (T ), is calculated in Ref. [64] as
where λ A = λ 1 + λ 2 − 2λ 3 and λ H = λ 1 + λ 2 + 2λ 3 , and g 1 and g 2 are the gauge coupling of SU (2) W and U (1) Y , respectively. One should note that the Yukawa coupling between the inert doublet and the neutrino given by Eq.
(2) may give an additional contribution to Π S (T ). However, since the right-handed neutrino has Majorana mass comparable to the nucleation temperature, this effect would be suppressed due to the Boltzmann suppression in finite-temperature, and hence, we expect that this contribution will not change our result significantly. We therefore neglect this contribution in our analysis.
For gauge bosons, the longitudinal mode and the transverse mode obtain different thermal masses called Debye mass and the magnetic mass, respectively [97] . Since the magnetic mass is subdominant, we only calculate the Debye mass for SU (2) W × U (1) Y gauge bosons. The
Debye mass can be estimated by using SM result [98, 99] with adding an additional SU (2) W inert scalar doublet as
The field dependent masses are obtained by diagonalising mass matrices for SU (2) W ×U (1) Y gauge bosons and neutral component of the inert scalar doublet.
We consider contributions coming from inert scalar doublet, SU (2) W × U (1) Y gauge bosons and top quarks because those couplings are large compared to other particles. Field dependent masses and d.o.f are then listed as
The last contribution comes from the longitudinal mode of the massive photon.
B. First-order phase transitions and GW signals
In this subsection, we briefly review basics of the first-order phase transition and GW production. When the phase transition proceeds via the tunnelling, we call it the firstorder phase transition. If the phase transition is of first order, the spherical symmetric field configurations called bubbles are nucleated in the early universe. Then they expand and eventually coalesce with each other.
The tunnelling rate per unit time and per unit volume, Γ, is given by
where symmetric bounce solution is calculated by solving the differential equation given by
with the following boundary conditions:
In this expression, φ false denotes the position of the false vacuum. Then the O(3) symmetric bounce action is given by
where φ satisfies equation of motion given by Eqs. (34) and (35) .
The nucleation temperature defined as the temperature when bubbles are nucleated, T n , is conservatively estimated by comparing the tunnelling rate to the Hubble parameter as
Here, the Hubble parameter is given by H(T ) 1.66 √ g * T 2 /M Pl with g * being the dof of the radiation component. Then above condition turns out to be
for g * ∼ 100 and T n ∼ 100 GeV. We evaluate bounce action by using public code cosmoTransitions [96] written in Python. If φ(T n )/T n > 1 is satisfied, where φ(T n ) is the Higgs VEV at the nucleation temperature, T = T n , the electroweak phase transition is called "strong" first order.
Amplitudes and frequencies of the GW are mainly determined by two parameters. The one is the ratio of a latent heat density to the radiation energy density of the universe, ρ rad = π 2 g * T 4 /30, given by
where is the energy difference between the false and true vacuum. The can be calculated
where ∆V tot ≡ V tot (φ false ) − V tot (φ true ) is the free energy difference between the false and true vacuum.
The another important parameter is duration of the phase transition denoted by β which is the characteristic time scale of the phase transition. β is defined as the time variation of the tunnelling rate of the phase transition given by [39] β
Both parameters α and β are evaluated at T = T n .
Let us next review the basic of GW signals generated by first-order phase transitions.
There are three sources producing GWs : bubble collisions, sound wave of the plasma, and turbulence of the plasma. As confirmed in Refs. [101, 102] , a contribution from bubble collisions is always subdominant for the case with small supercooling, α < 1, since the bubble kinetic energy is almost converted into the thermal plasma due to the process called "transition radiation". We therefore consider contributions coming from thermal plasma, especially, the sound wave and the turbulence. Thus, total contribution to the GW signals can be decomposed into the following form:
where Ω sound and Ω tur are the contributions from the sound wave and the turbulence of the plasma, respectively. 
where κ sound and v w are the efficiency factor and the bubble wall velocity, respectively. f sound is the peak frequency of the GW signals given by
4 It was pointed in Ref. [104] that this formula cannot be applied for large β/H and the resultant contribution is much smaller. Note that our estimate based on this formula should be regarded as the upper bound for the GW signals.
The efficiency factor, κ sound , is estimated as
The contribution from turbulence plasma is estimated in Refs. [56, 103] as
where κ tur is the efficiency factor of the turbulence. κ tur , H 0 and the peak frequency, f tur , are given by
We here simply estimate the bubble wall velocity by adopting following formula [105] 
IV. DARK MATTER
The lightest Z 2 odd particle, if electromagnetically neutral, is the DM candidate in the model. Among the two scalar DM candidates H, A, we consider H as the DM, without any loss of generality. In the fermion DM scenario, the lightest right handed neutrino N 1 is the DM candidate. The relic abundance calculation of DM follows the usual approach of Boltzmann equation. If DM is of WIMP type and hence was produced thermally in the early universe, the evolution of its number density n DM can be tracked by solving the Boltzmann
where n eq DM is the equilibrium number density of DM and σv is the thermally averaged annihilation cross section, given by [110] 
where K i (x)'s are modified Bessel functions of order i. In the presence of coannihilations, the effective cross section at freeze-out can be expressed as [111] 
is the relative mass difference between the heavier component i of the inert Higgs doublet (with g i internal dof) and the DM,
is the total effective dof, and
is the modified thermally averaged cross section, compared to equation (52). In the above
with g being the number of internal DOF of the DM and the subscript f on σv means that the quantity is evaluated at the freeze-out temperature T f . The freeze-out temperature corresponds to the epoch where the rate of interaction equals that of the expansion, Γ(T = T f ) = H(T = T f ). Since N 1 is a gauge singlet, there exists the possibility of non-thermal fermion DM also in this model, as discussed by [22] . While the scalar DM can not be a purely non-thermal DM due to its gauge interactions, it can receive a non-thermal contribution from right handed neutrino decay at late epochs, as discussed by [19] . We do not discuss such possibilities in this work, as it is unlikely to give new insights into the correlation between DM parameter space and that of SFOPT. For solving the Boltzmann equations relevant to DM, we have used micrOMEGAs package [112] .
V. RESULTS AND DISCUSSION
In this section, we discuss our results obtained after performing a full numerical scan by incorporating all existing constraints and the criteria for a SFOPT and the correct DM relic density. In this parameter search, we vary the parameters m 1 , λ 1 , λ 2 , λ 3 and λ S .
While all four parameters are relevant for SFOPT, the last one does not affect the DM relic abundance. We have also imposed the LEP bounds as well as the perturbative and vacuum stability conditions discussed earlier. The constraints coming from light neutrino masses are incorporated by using Casas-Ibarra parametrisation discussed before.
We here qualitatively comment on the strength of the electroweak phase transition. As we already noted in Sec. III A, the strong first-order electroweak phase transition is realised when additional bosons present in the model strongly couple to the SM Higgs. In this model, the inert scalar doublet, S, couples to the SM Higgs, and thus, larger λ H , λ A and λ 1 make the phase transition strength stronger. Also, larger m 1 makes the phase transition strength weaker due to the screening effect [88] . For the same reason, since a larger λ S corresponds to larger thermal mass of the inert scalar (See Eq. (22)), it makes the phase transition strength weaker. Therefore the strong first-order electroweak phase transition requires larger λ H , λ A and λ 1 , and smaller m 1 and λ S . Quantitative discussions are presented in each subsections below which are created according to the choice of DM candidate in the minimal scotogenic model.
A. Scalar dark matter
In this subsection, we show some results in the case of scalar DM scenario. In addition to collider bounds, the perturbative and the vacuum stability conditions, we impose conditions λ 2 < 0 and λ 3 < 0 in order to make CP even component of inert doublet H to be DM candidate.
We show the data points satisfying the conditions φ(T n )/T n > 1 on (m ± , m A )-plane in upper panel of Fig. 1 . While DM mass can be low m H < 80 GeV, the charged scalar masses are required to be large m ± ≥ 280 GeV. In lower left panel of Fig. 1 In the lower right panel we also superimpose the points which satisfy the SFOPT criteria,
showing overlap with parameter space corresponding to low mass DM. We confirm that there is a parameter regime satisfying conditions φ(T n )/T n > 1 and Ω DM h 2 = 0.120 ± 0.001. One should note that the SFOPT requires fine-tuning between λ 1 and λ 2 + 2λ 3 to maintain small λ H for a low DM mass regime, m H < 80GeV, as originally pointed out by authors of Ref. [61] . Also, for a large DM regime, m H > 550GeV, we need non-vanishing m 1 making the phase transition strength weaker, and thus, it is difficult to realise φ(T n )/T n > 1 with In Fig. 2 , we show total GW signals with sensitivity curve (left panel) of U-DECIGO, a future space-based GW antenna [41, 42] and scatter plots on (m ± , m A )-plane by taking points within the sensitivity of U-DECIGO (right panel). In this figure, although the DM relic criteria Ω DM h 2 = 0.120 ± 0.001 is not imposed for all the points, we confirm that there exists parameter regime producing GW signals within U-DECIGO reach and satisfying Ω DM h 2 = 0.120 ± 0.001 simultaneously. However, in this parameter regime, there is a finetuning between λ 1 and λ 2 + 2λ 3 as noted earlier. We do not investigate such fine-tuned region further in our study. Therefore, in the case of the scalar DM scenario, we conclude that it is difficult to produce detectable GW signals by U-DECIGO while simultaneously giving rise to observed scalar DM relic without fine-tuning. As noted earlier, this low mass DM region is also tightly constrained by direct search and collider experiments. As we will see in the next subsection, this fine-tuning will be alleviated and the narrow DM parameter space will be enlarged in the case of the fermion DM scenario.
In this subsection, we show the results in the case of the fermion DM scenario. Here we do not impose conditions λ 2 < 0 and λ 3 < 0 because as long as lightest singlet fermion N 1 is the lightest Z 2 odd particle, there is no restriction on the mass ordering among components of inert scalar doublet.
We show the parameter regime satisfying the conditions φ(T n )/T n > 1 and DM relic criteria Ω DM h 2 = 0.120 ± 0.001, on (m ± , m A )-plane in Fig. 3 Small λ 3 gives rise to almost degenerate H, A in this scenario.
We also show peak amplitudes of total GW signals with sensitivity curve of U-DECIGO and scatter plots on (m ± , m A )-plane by taking points within reach of U-DECIGO and sat-
isfying Ω DM h 2 = 0.120 ± 0.001 in left and right panels of Fig. 4 , respectively. Since there produced.
VI. CONCLUSION
We have studied the possibility of generating GWs from a strong first-order EWPT in minimal scotogenic model which can be probed at future space based experiments like U-DECIGO. While the scalar content of the model is same as that in IDM where the possibility of strong first-order EWPT along with scalar DM has been studied in several earlier works, in the present model we find newer region of parameter space due to the possibility of fermion DM. We also improve earlier studies by appropriate consideration of resummation effects in finite temperature effective potential. Our results in the scalar DM scenario is in agreement with earlier works which favour a low mass scalar DM with a very narrow finetuned region of parameter space from stringent direct detection and collider bounds. The parameter space favouring SFOPT can however be enhanced for sub-dominant scalar DM, in agreement with earlier works. More interesting results arise in the fermion DM scenario where the SFOPT favoured parameter space is enlarged primarily due to the fact that mass ordering within the inert scalar doublet components is relaxed in this scenario. This is contrast with the scalar DM scenario where one of the neutral components was restricted to be the lightest Z 2 odd particle. Also, unlike scalar DM which can satisfy relic in two well defined regions: low mass regime m H < 80 GeV and high mass regime m H > 550
GeV, fermion DM (of thermal WIMP type) relic can be realised for almost any mass, as long as the mass difference between fermion DM and next to lightest Z 2 odd particle is kept small (to enhance coannihilation) and corresponding Yukawa coupling is kept close to order one. The fermion DM scenario therefore, can also be related to light neutrino masses as the 
